A new species of Botryozyma, Botryozyma mucatilis, was isolated from the surface of free-living nematodes, Panagrellus dubius, inhabiting slime flux from hybrid poplars, Populus deltoides · trichocarpa, in Oregon, USA. This species was discovered in relatively close proximity to the teleomorphic species Ascobotryozyma americana and Ascobotryozyma cognata, both collected from P. dubius nematodes inhabiting beetle galleries in Populus spp. and Populus and Salix spp., respectively. B. mucatilis is recognized as a distinct species based on molecular and morphological data. Sequence divergence in both the D1/D2 domain of the nuclear large-subunit rDNA and internal transcribed spacer region rDNA, low DNA reassociation values, notably different amplified fragment-length polymorphic fingerprints, and significantly longer cells all support the designation of a novel species.
Introduction
Botryozyma is an anamorphic ascomycetous yeast genus characterized by its unique thallus morphology and association with nematodes [1] . The type species, Botryozyma nematodophila, was discovered among other microorganisms associated with the disease complex sour-rot of grapes in Verona, Italy [1] . Shann [2] reported that it was found on the free-living nematode Panagrellus zymosiphilus ("Panagrellus redivivoides) and that the nematodes and yeast were vectored by Drosophila species. No sexual state has been reported for B. nematodophila.
The teleomorph, Ascobotryozyma, is characterized by globose asci that develop directly from thallus cells and bear four lunate ascospores [3] . It was found on Panagrellus dubius nematodes inhabiting wood-boring beetle galleries in eastern Washington, USA [3] . A new species, A. americana, was described based on its distribution, habit, nematode associate, cell sizes, DNA reassociation values, and inability to grow at 37°C [3] . An additional species, A. cognata, was discovered in western Idaho, USA, also from P. dubius nematodes inhabiting wood-boring beetle galleries [4] . Molecular and morphological investigations supported its separation as a distinct species [4] .
All Botryozyma and Ascobotryozyma isolates have been found attached to free-living nematodes in the genus Panagrellus [1, 3, 4] , although the yeast is capable of attaching to additional genera (J. Kerrigan, unpublished) . The fungus has a commensal relationship with nematodes and apparently absorbs nutrients from the nematodesÕ environment rather than from the nematode itself. Thalli do not penetrate the nematode cuticle but remain attached by branched anchoring cells. Thallus cells of the anamorph alone are more commonly encountered and can be grown in culture without nematodes. The teleomorph cannot be maintained in culture.
Additional Botryozyma isolates were obtained from slime flux from trees. Slime flux is caused by bacteria that get under the bark via a wound, multiply and ferment, soaking the wood and producing carbon dioxide. The gas builds up and produces pressure in the wood that forces sap through cracks, called fluxing. As the sap flux is exposed to air, numerous microorganisms, especially yeasts, grow in the flux and cause it to become more viscous, or slimy. Insect larvae and nematodes also occur in the flux. The slime flux produces a strong smell that attracts many types of insects.
The objective of this research was to determine the identity of the isolates from slime flux. Isolates were found in flux from hybrid poplars, Populus deltoides · trichocarpa, growing in plantations in western Oregon, USA. A new species of Botryozyma, Botryozyma mucatilis, is described based on molecular and morphological data.
Materials and methods

Fungal isolation and culture conditions
Botryozyma strains were collected from slime flux from hybrid poplars, Populus deltoides · trichocarpa, in two plantations in Oregon, USA. Strains were isolated from samples sent to the Oregon State University Plant Disease Clinic collected from a plantation in southwestern Oregon (Jackson Co., ca. 42.43°N, 122.90°W). Plantation managers were concerned about a white exudate on stems and underlying wet wood. Trees were stressed, thereby causing insects to bore under the bark which was followed by bacterial and yeast activity (M. Putnam, pers. comm.). Strains were also isolated from a plantation in western Oregon (Linn Co., ca. 44.55°N, 122.99°W) from one tree exuding slime from a wound. The cause of the wound is not known, although lower on the trunk large pieces of bark were peeled off, presumably by deer.
Slime flux samples were plated onto 2% corn meal agar (Difco, Detroit, MI, USA) acidified with lactic acid and maintained at room temperature (22-25°C). Nematodes bearing Botryozyma thalli were selected and serial transfers were made until cultures contained only nematodes with thalli and organisms necessary for the nematodesÕ nutrition, mainly other yeasts. Botryozyma was grown in pure culture by transferring thalli or a single thallus to plates of potato dextrose agar (Difco) with 0.05% (w/v) yeast extract. Accession numbers for specimens included in analyses are listed in Table 1 .
Physiological characterization
The physiological characteristics of isolates were determined using the standard methods defined by Yarrow [5] . Growth tests were performed at least three times for each isolate.
Morphological examinations
Thallus cell dimensions from the Oregon isolates (CBS 9042, 9043, 9720, 9721) were measured as described in [3] . Briefly, after subcultures were generated, the length of the basal anchoring cell and the next two apical cells, called the first and second cells, were measured. FisherÕs analysis of variance was performed using a 95% confidence level to analyze statistical differences among isolates.
Molecular analyses
DNA was extracted for DNA base composition determinations and DNA-DNA reassociation values as previously described [6] . The mol% G + C of isolates was determined according to the procedure of Smith et al. [6] . The levels of DNA-DNA reassociation were measured spectrophotometrically using a modified version [7] of the method described by Seidler and Mandel [8] . The optimal reassociation temperature (T m À25°C), 50°C, was determined according to the procedure by Kurtzman et al. [7] .
For sequence analyses, DNA was extracted according to the protocol of Lee and Taylor [9] except for the omission of beta-mercaptoethanol from the lysis buffer. For isolates CBS 9720 and CBS 9721 DNA was not extracted; instead a small amount of cells was used directly from culture. A portion of the D1/D2 domain [10] at the 5 0 -end of the nuclear large-subunit (nuc-LSU) rDNA gene and the internal transcribed spacer (ITS) region, including the flanking 3 0 -end of the nuclear small-subunit rDNA, the entire ITS1, the entire 5.8S rDNA, and a portion of the ITS2, were amplified. The nuc-LSU rDNA gene was sequenced with the primers NL-1 and NL-4 [11] . The ITS region was sequenced with the primers ITS-5 and ITS-4, and ITS-3 and ITS-2 [12] were also needed for A. americana and A. cognata. PCR amplifications were performed in 50 ll reactions containing 1· enzyme buffer, 200 lm dNTP, 0.4 lM forward primer, 0.4 lM reverse primer, 2.5 U RedTaq DNA polymerase (Sigma, St. Louis, MO, USA), and 10-100 ng template DNA. Reaction conditions for the nuc-LSU D1/D2 domain were as described in [4] , and for the ITS region were 35 cycles of 30 s at 94°C denaturing, 45 s at 58°C annealing, and 120 s at 72°C extension. Cycle sequencing in both forward and reverse directions was performed using the BigDye Ò Terminator v3.1 Cycle Sequencing Kit (PE Biosystems, Foster City, CA, USA).
DNA sequencing reactions were analyzed on an ABI Prism Ò 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) by the Central Services Laboratory of the Center for Gene Research and Biotechnology, Oregon State University.
Sequences were assembled and edited using the Staden package [13] . Sequences determined in this study, from a previous study [4] , and from GenBank (listed in Table 1 ) were aligned by means of the multiple alignment program ClustalX 1.8 [14] . Phylogenetic relationships were calculated using the neighbor-joining program of PAUP * 4.0b10 [15] . A majority-rule consensus tree was generated by 1000 neighbor-joining bootstrap replications.
For amplified fragment-length polymorphism (AFLP) analysis, the procedure outlined by [16] was followed, with modifications as described in [4] . Bands were scored using a binary code (1, 0) corresponding to positive and null alleles, respectively. The data were analyzed with NTSYS-pc 2.02 (Exeter Software, Setauket, NY, USA), and genetic distance was calculated with the similarity for qualitative data function (SIMQUAL) by means of the DICE [17] coefficient. Cluster analyses were performed using the unweighted pair group method with arithmetic average (UPGMA) clustering algorithm.
Results and discussion
Detection of a new species
The species to be described exhibited the typical appearance of Botryozyma spp. (Figs. 1-3 ), but was recognized as novel based on molecular and morphological data.
The D1/D2 domain of the nuc-LSU rDNA has been sequenced for hundreds of yeast species and demonstrated to be reliable for discerning ascomycetous yeast species within genera, e.g. [18] [19] [20] . Sequence divergence in this region separated isolates into four distinct clades (Fig. 4) , each representing a different species. Sequences from Oregon isolates were identical within each plantation and differed by two substituted nucleotides between the two plantations. Each Oregon isolate differed from A. americana by 11 nucleotides (9 substitutions and 2 gaps), A. cognata by 7 nucleotides (6 substitutions and 1 gap), and B. nematodophila by 3 nucleotides (2 substitutions and 1 gap). This is a highly conserved region and similar base pair differences have been reported between other species in this genus [4] .
Sequence data from the ITS region were similar to those from the nuc-LSU such that, using all phylogenetic analyses, isolates broke down into four clades that were well supported by bootstrap values (Fig. 5) . This region exhibited a much greater number of nucleotide substitutions between groups. Sequences of the Oregon isolates differed in 10 nucleotides (9 substitutions and 1 gap) between plantations. The new species differed, depending on the strains, from A. cognata by 83-95 nucleotides (28-36 substitutions and 53-61 gaps), from A. americana by 62-69 nucleotides (39-46 substitutions and 22-24 gaps), and from B. nematodophila by 14-22 nucleotides (5-12 substitutions and 9-10 gaps). Table 1 . Table 1 .
Investigations involving genomic DNA were also congruent with the designation of a new species. Reassociation values were 91-99% among the Oregon isolates, while value averages were low when DNA was paired with that of isolates of A. cognata (60%), B. nematodophila (54%), and A. americana (45%) ( Table 2 ). AFLP analysis also showed the division of isolates into four distinct clusters (data not shown) that correlate with A. americana, A. cognata, B. nematodophila, and the newly recognized species.
Cells appeared longer than those of the other described species. Lengths of the branched anchoring cells and next (ÔfirstÕ) apical cells were significantly longer (P < 0.001) than those of the other species (Table 2) , averaging (incremental cell lengths generated through statistical analysis) 9.8-12.1 and 13.7-16.6 lm, respectively. Although cell sizes are not a standard character used to distinguish yeast species, size differences correlate with different species in this genus [3, 4] and provide an additional criterion in support of the designation of a new species.
Physiological capacities, listed in Table 3 , are limited, as with the other species [1, 3, 4] . Notable was that the Oregon isolates were the only ones able to utilize glucono-d-lactone as the sole carbon source. a Standard deviation within species 6 5%, among species 6 8 %. b Standard deviation 6 1.4%. c Incremental cell lengths generated through statistical analysis. Table 3 Summary of physiological characteristics of B. mucatilis strains
Fermentation Absent
Assimilation of carbon sources
Other assimilation tests and properties Growth at 35°C + 0.1% Cycloheximide + Vitamin-free À 1% Acetic acid prod.
sucrosum, maltosum, a-methylicum-D D-glucosi dum, cellobiosum, salicinum, arbutinum, melibiosum, lactosum, raffinosum, melezitosum, inulinum, amylum solubile, meso erythritolum, ribitolum, xylitolum, Physiological characteristics: Fermentation and growth on carbon compounds, nitrogen sources, and additional properties are summarized in Table 3 Etymology: The epithet mucatilis (mucus = slime and -atilis = growing among) refers to the slime from which the species was isolated.
Yeast-nematode ecology
A summary of Ascobotryozyma and Botryozyma species with their substrates and associated organisms is listed in Table 4 . All isolates have been discovered on Panagrellus nematodes, which typically inhabit fermenting and acidic environments. The nematodes are presumably vectored by insects attracted to these environments because of their smell. Slime flux emits a strong fruity, yeasty, and/or foul smell, sour rot emits a distinct ethyl acetate smell [21] , and the beetle galleries emit a characteristic fragrance indicative of wounded woody tissues of Populus and Salix species. Many types of flies have been observed around the slime flux and gallery entrance sites, and Drosophila species were reported as the vector of B. nematodophila [2] . The dusky sap beetle Carpophilus lugubris (Coleoptera: Nitidulidae) was reported from slime flux in the southwestern Oregon plantation (M. Putnam, pers. comm.) and the sap beetle Cryptarcha ampla (Coleoptera: Nitidulidae) was seen in mass on the slime flux in the western Oregon plantation.
The slime flux environment from which B. mucatilis was discovered was moist, acidic, microbe-rich, and fruity smelling, similar to the sour-rot environment from which B. nematodophila was collected. Grape sour-rot, like slime flux, is caused by wounding and followed by an invasion of a variety of naturally occurring organisms, including bacteria, yeasts, and filamentous fungi. Interestingly, these two species are the closest in cell lengths and sequence structure of the nuc-LSU D1/D2 domain and ITS region. Sample sizes are small, however and more isolates are needed to investigate species relationships. This is the first report of Botryozyma or any other nematophilous species from slime flux despite numerous investigations of organisms inhabiting tree exudates [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , including studies that examined Populus species in western North America [24, 28, 30, 31] . Yeast community profiles differ greatly by tree type and location, but genera commonly associated with slime fluxes of deciduous trees include Candida, Cryptococcus, Debaryomyces, Kluyveromyces, Pichia, Rhodotorula, Saccharomyces, Trichosporon, and Torulaspora. Yeast distribution may be influenced by a number of variables including tree taxa, vector range, geographic distribution, and climate.
It appears likely that additional Ascobotryozyma strains and species will be discovered from substrates suitable for Panagrellus species. Ascobotryozyma appears to be widely, but not densely, dispersed. It is likely that the distribution of the North American species overlaps, but further sampling is needed to determine their ranges.
